Recently we identified a molecular basis for differentiating benign and malignant follicular thyroid tumors. The purpose of these studies was to determine whether molecular analysis can be used to differentiate papillary thyroid carcinomas from benign thyroid nodules. 
Recently we identified a molecular basis for differentiating benign and malignant follicular thyroid tumors. The purpose of these studies was to determine whether molecular analysis can be used to differentiate papillary thyroid carcinomas from benign thyroid nodules. Gene expression patterns of 14 papillary thyroid carcinomas and 21 benign tumors were analyzed by oligonucleotide array analysis. The carcinomas included seven classical papillary thyroid carcinomas (PTC) and seven follicular variant of PTC (FVPTC), and the benign tumors included 14 follicular adenomas and seven hyperplastic nodules. A hierarchical clustering analysis was performed to examine the groups for potential differences. The combined PTC and FVPTC groups had a distinct gene expression profile compared with the benign lesions. The sensitivity for a diagnosis of carcinoma was 93%, with a 100% specificity (one FVPTC clustered with the benign nodules). Cancer gene profiles contained both known (Met and galectin-3) and previously unidentified genes. Gene profiling is a reliable means of distinguishing PTC, FVPTC, and benign tumors of the thyroid. These gene profiles may provide insight into the pathogenesis of papillary thyroid carcinoma and may ultimately enhance the preoperative diagnosis of thyroid nodules on a molecular basis. (J Clin Endocrinol Metab 89: 3214 -3223, 2004) P APILLARY THYROID CANCER (PTC) is the most common thyroid malignancy, with an estimated incidence of approximately 16,000 cases/yr in the U.S. (1) (2) (3) . Nevertheless, benign thyroid nodules are far more common, and distinguishing benign and malignant thyroid nodules is a common diagnostic dilemma (4 -7) . The introduction of fine needle aspiration (FNA) in the 1970s simplified the evaluation of thyroid nodules and decreased the likelihood of surgery for a thyroid nodule by approximately 50% (8) . Despite the ability to identify PTC with some reliability on FNA, clinicians frequently have to make a decision regarding the care of patients with thyroid nodules on the basis of equivocal information. For PTC, this diagnostic dilemma is particularly evident in the evaluation of nodules that are potentially follicular variant of papillary thyroid carcinoma (FVPTC) (4, 5) . Given such difficulties, these studies were undertaken to analyze PTC, both classical and FVPTC, to determine whether molecular profiling can distinguish these cancers from benign thyroid tumors.
Most large studies have found that between 5 and 29% of thyroid nodules will be deemed a follicular lesion on FNA (6, 9) . Many of the nuclear findings associated with PTC, including nuclear grooves, hypochromasia, and pear-shaped or ovoid nuclei, are not readily apparent on cytology due to artifact or sampling of an area that does not include nuclei with those changes (9, 10) . Recently, studies evaluating follicular lesions on FNA have found upward of 21% of follicular lesions to be follicular variant of PTC (FVPTC) (5, 7).
Baloch et al. (5) noted that 30% of lesions that are FVPTC cannot be diagnosed by FNA. Recent data suggest that FVPTC may be the dominant malignant phenotype of follicular lesions seen in FNA (5, 9, 11). Thus, better techniques are needed to differentiate FVPTC from benign follicular lesions.
Many attempts have been made to identify markers for thyroid carcinoma that can preoperatively distinguish between benign and malignant lesions. Most have not been proven to be specific enough, including PPAR-␥, Met, galectin-3, hTERT, and HBME-1 (12) (13) (14) (15) (16) (17) (18) (19) . Recently, our laboratory reported the ability to differentiate follicular thyroid carcinoma from follicular adenoma (FA) by means of molecular profiling as well as use this technique to elucidate novel genes that may play an important role in the tumorigenesis of thyroid carcinoma (20) . This study reports the ability to differentiate PTC from benign nodules using microarray technology and molecular profiling. This technology may ultimately prove useful in the diagnostic evaluation of thyroid nodules.
Materials and Methods

Tissue procurement
Thyroid tumor tissue was obtained at surgery from patients undergoing thyroidectomy (including hemi, subtotal, and total thyroidectomy). A pathologist dissected the tissue, and a small tumor tissue block from the dominant or suspicious nodule was snap-frozen in liquid nitrogen and stored at Ϫ80 C. The size and location of tumor samples were recorded in detail. All tumor samples were obtained with permission of and in accordance with the guidelines of our institutional review board, and informed consent was obtained from all patients. Histological classification was confirmed, the diagnosis was obtained from the final pathology report, and this diagnosis was reviewed and confirmed by an endocrine pathologist.
Abbreviations: FA, Follicular adenoma; FNA, fine needle aspiration; FVPTC, follicular variant of papillary thyroid carcinoma; NRP2, neuropilin-2; PTC, papillary thyroid carcinoma; SEMA3, semaphorin-3.
RNA extraction, purification, labeling, and hybridization
The methods described by Barden et al. (20) were employed for RNA extraction, purification, labeling, and hybridization. In brief, frozen tumor tissue was homogenized by sonication in TRIzol reagent (Invitrogen, Carlsbad, CA), and total RNA was prepared according to the manufacturer's specifications. A total of 42 samples were analyzed by gene chip array (GeneChip Hu95 array, Affymetrix, Inc., Santa Clara, CA). The carcinoma samples included seven PTC and seven FVPTC. The benign samples consisted of 14 FA and seven hyperplastic nodules. An additional seven unknown samples were processed (blinded to preparer). All samples were processed in the same manner following the Affymetrix protocol. cDNA was synthesized from 8 g sample RNA using T7 (dT) 24 primer (GENSET Corp., La Jolla, CA). Second strand cDNA was then produced and purified. Biotin-labeled cRNA was made and used for hybridization to the Affymetrix oligonucleotide arrays. A sample aliquot was first hybridized to an Affymetrix test chip to confirm that the cRNA quality was adequate. All samples were of good quality. After staining with streptavidin-phycoerythrin, the chips were scanned in an HP ChipScanner (Affymetrix, Inc.) to detect hybridization signals.
Data analysis
The data were analyzed using MicroArray Suite version 5.0 (Affymetrix, Inc.). The intensity of each probe set of the array was captured, and the average intensity was calculated. Quantitative expression levels were calculated using intrachip-positive controls. Normalization of data was performed to account for variability in hybridization among duplicate probe sets and other hybridization artifacts. Transcripts were designated reliably detected (present) or not detected (absent) using the above analysis.
Data analysis was performed to identify genes that were differentially expressed between the papillary carcinoma (PTC and FVPTC) and benign groups (FA and hyperplasia). Data from the 21 benign tumors and 14 carcinomas that comprised the training set were used. First, the data were screened to identify signals counted as present by the Affymetrix software. These results were exported to GeneSpring (Silicon Genetics, Redwood City, CA), then analyzed with a parametric t test and multiple testing correction (Benjamini and Hochberg False Discovery Rate, with the P value set at Ͻ0.05), producing a gene list of 1149 genes differentially expressed. This list of 1149 differentially expressed genes was then used for unsupervised hierarchical clustering and statistical analysis. Cluster analysis was used to group the tumors based upon their similarities measured across the expression of 1149 genes.
To determine whether FVPTC could be differentiated from benign thyroid nodules, a second analysis, comparing only FVPTC tumors to benign thyroid nodules, was performed to identify genes differentially expressed between these groups. The data were exported to GeneSpring (Silicon Genetics) and using a nonparametric t test with a P value set at less than 0.01, the data were screened to produce a gene list of 843 differentially expressed genes between FVPTC and benign lesions. Finally, a similar analysis was performed to compare PTC to benign lesions. A total of 483 genes were differentially expressed between PTC and benign lesions. As described above, these gene lists were used for unsupervised hierarchical clustering and statistical analysis.
Evaluation of unknown samples
Once the hierarchical cluster analysis was established using gene expression profiles of differentially expressed genes in 35 tumors, the same analysis was performed on seven thyroid tumors (one PTC, four FVPTC, and two hyperplastic nodules) with investigators blinded to the final diagnosis. Gene profiles of the seven unknown tumors were produced using the 1149 differentially expressed genes for comparison. The unknown sample profiles were then added to the original 35 samples to create a combined group of 42 samples, which then underwent an unsupervised hierarchical clustering analysis.
To confirm the validity of the subset analysis of FVPTC vs. benign tumors, the unknown samples' individual gene profiles were analyzed (excluding the one classical PTC), using the 843 differentially expressed genes produced by the analysis of FVPTC vs. benign tumors. The gene profiles of unknown samples combined with the test set (FVPTC vs. benign) samples underwent an unsupervised hierarchical cluster analysis, producing a dendrogram for the 34 samples. This same technique was repeated to analyze the PTC vs. benign tumor gene list. Unknown samples' gene expression profiles were analyzed (excluding the four FVPTC) using the gene profile for 438 genes differentially expressed in the PTC vs. benign analysis. Once again the unknown samples were combined with the PTC vs. benign samples, and an unsupervised hierarchical clustering was performed. A dendrogram of the 31 samples (PTC vs. benign plus unknowns) was produced.
Semiquantitative RT-PCR
To verify the results of the Affymetrix gene chip array, a total of five genes were chosen that had expression levels with more than 2-fold difference, were implicated in the molecular pathogenesis of cancer, and had readily available primers or were made from the known mRNA sequences using Primer3 (21) . One microgram of sample RNA was reverse transcribed with oligo(dT) primer in a total volume of 50 l. A 1-l aliquot of cDNA was used for PCR, and the product was electrophoresed in a 2.0% agarose gel and visualized with ethidium bromide and UV light. The band intensity for each sample was calculated using EagleSight software (version 3.2, Stratagene, La Jolla, CA), and a ratio of the intensity of the gene of interest to that of the housekeeping gene was calculated for each sample. These normalized intensity levels were then analyzed using a t test. The genes and primers are listed in Table  1 .
Protein purification and Western blotting
Samples were chosen for immunoblot assay based on adequate tumor tissue availability. Frozen tissue was thawed in ice-cold homogenization buffer containing 50 mm Tris-buffered saline (pH 7.4), 2 mm EGTA, 150 mm NaCl, 2 mm MgCl 2 , 1 mm diethyldithiocarbamate, 1 mm phenylmethylsulfonylfluoride, 10 g/ml leupeptin, 10 g/ml aprotinin, 5 g/ml pepstatin, 3 mm hydrogen peroxide, 50 mm sodium fluoride, 1 mm sodium orthovandate, 10 mm sodium molybdate (Sigma-Aldrich Corp., St. Louis, MO), 10% glycerol (Invitrogen), and 1% Triton-X (BioRad Laboratories, Hercules, CA). Tissues were homogenized using a glass-on-glass tissue homogenizer. Homogenates were centrifuged at 11,750 ϫ g for 10 min at 4 C to remove the particulate material. The protein concentration of the supernatant was measured using the Lowry protein assay kit (Sigma-Aldrich Corp.). Immunoblot analysis for neuropilin-2 (NRP2) was performed using a monoclonal antibody to NRP2 (catalogue no. SC13117, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). One hundred micrograms per lane of protein from tissue were loaded on a 12% SDS-PAGE gel; after transfer, the membrane was blocked in 3% BSA overnight and incubated for 3 h with primary antibody. ␤-Actin was used as an internal control (Sigma-Aldrich Corp.). 
Results
Differentially expressed genes
The level of gene expression in PTC samples (classical and follicular variant) was compared with gene expression in all benign tissue samples (FA and hyperplasia). The resulting gene expression profiles generated a list of differentially expressed genes. A total of 1149 genes were differentially expressed, of which 262 were greater than 2-fold differentially expressed. Seventy-six genes were relatively overexpressed in the carcinoma samples, and 186 genes were relatively overexpressed in the benign tissues (Table 2) .
Two-way cluster analysis
GeneSpring software produces a two-dimensional dendrogram that displays the relatedness of the tumor sample types by both the length and the subdivisions of its clustering. Two distinctly clustered groups are seen in the comparison of PTC (combined PTC and FVPTC) and benign groups (Fig. 1) . The top cluster represents only carcinoma samples, whereas the bottom cluster, which represents the benign group, included one FVPTC. Thus, this analysis detected cancer with 93% sensitivity and 100% specificity.
Using the list of differentially expressed genes from the test sets, seven unknown samples were added and assigned to a group based on similarity to other samples by hierarchical cluster analysis. In the combined papillary vs. benign analysis, all seven of the unknown samples were correctly clustered (Fig. 2) .
Subset analyses of FVPTC vs. benign nodules and PTC vs. benign nodules was then performed to determine whether the gene profiles could discriminate between the two types of PTC and benign nodules independently. In the analysis of FVPTC vs. benign nodules, 10 of 11 FVPTC clustered together as a distinct cancer group (one FVPTC clustered with the benign nodules). All benign nodules clustered together as a group, yielding a sensitivity of 91% and a specificity of 100% for the diagnosis of cancer (Fig. 3) . It is known that FVPTC can be a difficult diagnosis to make even on histopathological review. Thus, a second analysis of the FVPTC vs. benign samples was undertaken using the gene list generated from the classic PTC vs. benign analysis. This second analysis of the FVPTC vs. benign samples revealed results identical to the initial comparison (data not shown). Finally, cluster analysis of PTC vs. benign tumors was 100% sensitive and specific for the diagnosis of cancer (Fig. 4) .
Corroboration of gene chip analysis
Validation of the gene chip analysis was performed by semiquantitative RT-PCR of five of the most highly differentially expressed genes ( Table 2) samples were tested, 14 papillary carcinomas (PTC and FVPTC), six FA, and six hyperplasia. The Met oncogene is a gene known to be involved in thyroid tumorigenesis; however, the remaining four genes have not been previously associated with thyroid carcinomas. For each gene tested, the level of expression by RT-PCR correlated with the data obtained by microarray analysis, and all differences seen were statistically significant (P Ͻ 0.05; Fig. 5 ). Additionally, differential expression of the protein NRP2 was confirmed by immunoblot (Fig. 6 ). The expression of NRP2 was greater in the papillary carcinomas (classic and follicular variant) than in the benign tumors.
Discussion
PTC constitutes 80% of all differentiated thyroid carcinomas, accounting for almost 16,000 new cases of cancer each year (1-3) . Here we have shown that molecular analysis by gene profiling can readily distinguish between PTC, both classical and follicular variant, and benign nodules. These data will provide insight into the molecular pathogenesis of PTCs and may ultimately offer new leads into the treatment of thyroid carcinomas. Additionally, it may provide a molecular basis for the final classification of thyroid tumors that are diagnostic dilemmas for even experienced endocrine pathologists. Finally, it can serve as a springboard for the advancement of diagnosis of thyroid nodules by FNA.
Currently, FNA is sensitive and specific for classic PTC, given the consistency of nuclear findings, including grooving and central clearing (9, 10) . However, the ability to define FVPTC by FNA is difficult and limited (5, 9 -11) . Combining these difficulties with the problems with follicular lesions, FNA is not the optimal preoperative diagnostic tool. Attempts at finding a molecular marker that will readily distinguish benign from malignant thyroid lesions have previously fallen short of the mark. Although many important genetic alterations have been found, including galectin-3, PAX8-PPAR-␥, and MET/HGF receptor, most have not yet proven to be sensitive or specific enough to be translated into clinically useful markers (13, 16 -19) . Molecular profiling of tumors allows for a quantitative analysis of a panel of genes that are differentially expressed in thyroid nodules, which may lead to the classification of thyroid nodules as either benign or malignant (22, 23) . Because of the larger number of genes analyzed, we hypothesized that the profiles generated would overcome the major pitfall of single gene analysis, specifically that in all cases there is overlap of gene expression between benign and malignant tumors. The data presented suggest that our hypothesis is, in fact, true.
Comparison of PTC samples (PTC and FVPTC) with benign lesions by microarray analysis produced a gene list of 262 genes that were significantly differentially expressed. To validate the microarray analysis, we selected five of the 262 genes identified to be differentially expressed between PTC and benign thyroid lesions. Most of these genes have not previously been implicated in thyroid carcinoma pathogenesis and were selected due to their high level of differential expression. Four of these genes were confirmed to be preferentially expressed in PTC, and one was expressed preferentially in the benign tumors. One of the four genes preferentially expressed in papillary carcinoma, the Met gene, has been previously reported to be overexpressed in PTC by both classic molecular techniques and microarray analysis (22, 24) . Intestinal trefoil factor, which we found to be overexpressed in the benign group, has previously been reported to be both a tumor suppressor as well as a tumor promoter in other epithelial cell lines (25, 26) . The remaining three genes analyzed hold interesting potential as mediators of thyroid carcinogenesis, and these are reviewed below.
TROP2 is a transmembrane receptor protein that has a phosphatidylinositol 4,5-bisphosphate binding sequence on the intracellular portion and is thought to be a receptor-gated calcium channel, integral to calcium homeostasis and possibly cell cycle activation (27) (28) (29) . Recently, TROP2 has been found to be overexpressed in human epithelial cell tumors, including lung, colon, breast, and ovarian cancers (28 -32) . Activation of the receptor causes an increase in intracellular calcium levels, and this Ca ϩ spike is postulated to be a mediator of uncontrolled cell growth (29) .
Highly homologous to the cell-cell adhesion molecule TROP1, TROP2 may be involved in cell migration and possibly cell metastasis (29, 33) . TROP1 has been used for immunotherapy in colon cancer patients, reducing mortality and relapse rates in resected colon cancer patients, signifying its role in epithelial cell tumors (34, 35) . Recently, our laboratory has shown that TROP2 is not highly expressed in follicular thyroid carcinomas (data not shown). Most follicular thyroid carcinomas spread hematogenously, unlike PTC, which mainly metastasizes to lymph nodes (1, 3) . Given this distribution of expression between tumors that metastasize differently, TROP2 may be a potential marker for lymphatic metastasis.
Adrenomedullin has been shown to play a role in cancer cell growth and survival (36) . A potent angiogenic factor, adrenomedullin, has also been postulated to be a cell mitogen (37) . Blocking the activity of adrenomedullin by the use of monoclonal antibodies has shown to suppress tumor cell growth in vitro (38) . Recent clinical studies have shown that overexpression of adrenomedullin is correlated with poor prognosis in ovarian cancer (39) . Previously our laboratory showed that adrenomedullin was up-regulated in follicular thyroid carcinomas and may be a potential marker for thyroid carcinomas in general (20) . Other laboratories have found adrenomedullin abundantly expressed in epithelial tumor cell lines, including lung, breast, ovary, colon, and prostate (40) .
Another proangiogenic receptor, NRP2, was found to be Semiquantitative RT-PCR. Verification of highly differentially expressed genes specific for carcinoma or benign tissue. Adrenomedullin (AM), TROP-2, MET, and NRP2 were differentially overexpressed in the carcinomas. Trefoil (intestinal trefoil factor) was relatively overexpressed in benign nodules. Primers specific for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene, were used as controls. All carcinoma samples (PTC and FVPTC) and 12 of the benign nodules [FA and hyperplastic nodules (HYP)] are displayed. Band intensity levels were normalized to the housekeeping gene and compared using a t test. All differences seen are statistically significant (P Ͻ 0.05).
overexpressed in PTC. Initially thought only to be a receptor for the semaphorin-3 (SEMA3) family of proteins and expressed during axonal extension, NRP2 has recently been shown to also be a receptor for the vascular endothelial growth factor family of angiogenic factors and has been found to be expressed in NSCLC, osteosarcomas, and pancreatic islet cell and endocrine tumors (41) (42) (43) (44) (45) . Some postulate that SEMA3F and vascular endothelial growth factor compete for binding to NRP2, and a reduction in SEMA3F leads to increased vascularity, loss of apoptosis, and increased tumor growth (44, 46) . Analysis of these three genes (TROP2, adrenomedullin, and NRP2) demonstrates the powerful potential that microarray analysis provides in the identification of new genes that contribute to the pathogenesis of thyroid carcinoma. The ability to differentiate both classic PTC and FVPTC individually from benign thyroid lesions is clinically significant. Hyperplastic nodules are often difficult to distinguish from FAs on pathological review (47, 48) . FVPTC is mistaken for adenomatous lesions, including hyperplasia, on both cytological and histological evaluation, making it difficult to distinguish from benign lesions even on permanent sectioning (47) (48) (49) . This difficulty has led to the use of multiple immunohistochemical markers, including cytokeratins, to help in differentiating FVPTC from benign lesions (50, 51) . Although many markers are positive in FVPTC, they are also positive in benign lesions and ultimately do not significantly increase the sensitivity or specificity in diagnosing these difficult lesions (48, 50, 51) . Our ability to differentiate FVPTC from all benign lesions based on the molecular profile with greater than 90% sensitivity and specificity may improve the future accuracy of a diagnosis of cancer.
We have shown in this paper that both classic papillary and the follicular variant of papillary thyroid tumors can be distinguished from benign thyroid nodules based on their molecular profile with excellent sensitivity and specificity. Although classification of tumors based upon their molecular profile is an emerging technology, it has significant clinical potential. Recently, microarray analysis has been performed on FNA biopsies of the breast with hopes of modifying treatment strategies based on FNA molecular analysis (52, 53) . Similar potential exists for future preoperative molecular classification of thyroid nodules based on our findings. 
